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Abstract 
This thesis presents a new approach to battery management system control. 
Previous control methods did not include state of health in the decision-making process. 
With accurate state of health estimators available, more information should be provided 
to the battery management system so that a more informed decision in regards to 
increasing battery longevity may be made. This thesis details the development of a 
Simscape model for a proven state of health estimator. The Simscape model was then 
used to provide state of health estimations to a proposed battery management control 
system that prioritizes battery longevity over traditional voltage equalization battery 
management techniques. A physical battery management system is developed to show the 
difference between battery management systems that do and do not take into account 
state of health estimations. Areas for future work and improvements are considered. 
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The average person spent 17,600 minutes or 290 hours in a car in 2016, 
contributing to the use of 391.73 million gallons of finished motor gasoline used that year 
[1] [2].  Electric vehicles alone can reduce this consumption of gasoline consumption up
to 75% [3]. With 542,000 electric vehicles sold to date in December of 2016 in the 
United States [4], the market for electric vehicles continues to grow at a rapid rate as 
from 2015 to 2016 there was an increased market growth of 36% [5].  
Types of Electric Vehicles 
The types of electric vehicles are: hybrid electric vehicles (HEVs), plug-in hybrid 
electric vehicles (PHEV), and electric vehicles (EVs). Each type of electrical vehicle 
operates in a different battery pack state of charge (SOC) range. HEVs typically operate 
at a higher SOC and oscillate between charging and discharging continuously. PHEVs 
operate similar to EVs initially, but once a battery pack reaches the designated lower 
SOC limit, PHEVs act like an HEV vehicle, continuously charging and discharging. EVs 
during operation simply discharge until plugged back in for a charging cycle. A 
summarization of the differences between the three types of electric vehicles may be 
found in Figure 1.1 [6]. 
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Figure 1.1: Comparison of Electric Vehicles [6] 
 Hybrid electric vehicles utilize an internal combustion engine in combination with 
a smaller battery pack for regenerative breaking and to reduce idling emissions. Battery 
pack capacities range from 1 to 2 kWh [7]. Examples of a HEV include the Honda 
Accord Hybrid (1.3 kWh), the Chevy Malibu Hybrid (1.5 kWh), the Toyota Pruis and 
Toyota Camry Hybrid (1.3 kWh and 1.6 kWh), and the Ford Fusion Hybrid (1.4 kWh). 
Plug-in hybrid electric vehicles use a smaller internal combustion engine with a 
medium-sized battery pack, with the ability to recharge the battery with the internal 
combustion engine. Battery pack capacities range from 8kWh to 20 kWh. Examples of 
PHEVs are the Chevy Volt (18.4 kWh) and Toyota Prius Prime (8.8 kWh). Of all electric 
vehicles, one of the highest market shares is plug-in hybrid electric vehicles (PHEVs), 
which commanded a 46% market share in 2016 [5]. PHEV batteries operate at a state of 
charge (SOC) between 10% and 30% 
Pure electric vehicles have only a battery pack – there is not an internal 
combustion engine. Typical capacities of the battery pack are from 24 kWh to 100 kWh. 
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Current EVs include the Nissan Leaf (24 kWh to 30 kWh), the 2017 Tesla Model S 
(60kWh to 100 kWh versions) and the Chevy Bolt EV (60 kWh). 
With the end of life (EOL) for EV batteries at only 80% capacity remaining of the 
batteries initial capacity according to the USABC [8] [9] and as the total market for the 
lithium-ion vehicle batteries is forecasting to grow to exceed $30 billion annually by the 
year 2020, effective use of vehicle batteries is all the more essential [9]. 
Thesis Overview 
Battery cell electrical modeling has been heavily studied [10] [11] [12] [13] [14]. 
However, information on battery pack modeling is limited, although an expanding field 
with many new models proposed [15] [16] [17] [18], including those with state of health 
(SOH) estimators [19] [20] [21] [22].  
The proposed SOH estimators each model the degradation of a battery to estimate 
the SOH in a different way. More specifically, [19] discusses an electrical and thermal 
model to estimate SOH while [22] utilizes an open circuit voltage method for SOH 
estimation. [20] gives an overview of current approaches to SOH estimation, including 
spectroscopy and electrochemical techniques, methods based models, semi-empirical 
models for capacity loss, equivalent circuit based models, and analytical model and 
statistical methods. [21] continues inspecting the current approaches to SOH estimation, 
including the advantages and disadvantages of each method. A table of the advantages 
and disadvantages of each specific method may be found below in Figure 1.2 [21]; the 
citations for Figure 2 from the original paper have been removed as they do not correlate 
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to the citations for this thesis. For the purposes of this thesis, a simple method will suffice 
and therefore the open circuit voltage method was chosen since the experimental data is 
available. 
 
Figure 1.2: Advantages and Disadvantages of Current SOH Estimators [21] 
Control algorithms for battery management systems (BMS) seem to all follow the 
same premise – balance the battery cells via voltage equalization without reprioritizing 
the equalization dependent on the SOH of each battery cell. However, the SOH must be 
estimated; the estimation for SOH comes from aging degradation models. Including the 
SOH of each battery cell in the BMS decision-making may increase the longevity of the 
battery module as a whole. 
The focus of this thesis is to inspect if including the estimated SOH from an aging 
degradation model into a priority for the BMS will increase the longevity of the battery 
module. Utilizing the different control systems on different BMS topologies will not 
provide any conclusive evidence, so the control systems must be compared via the same 
BMS circuitry. As long as the BMS topology remains the same, the difference between 
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the two control systems will be evident. Therefore, the type of BMS used to simulate this 
process can be as simple as a single switched capacitor as shown in Figure 1.3, adapted 
from [23]. The emphasis will be on the control of the BMS, as well as the battery 
degradation model used as an estimator for SOH. 
 





This chapter describes all of the necessary background to understand the primary 
goal of implementing a BMS that takes SOH into account starting with the individual 
battery cells and moving towards BMS configurations and control logic. 
 
2.1 Battery Cells 
Battery cells, specifically lithium ion battery cells, are popular cells used in 
Hybrids and EVs due to their energy density and power densities. Typical energy 
densities for lithium ion batteries are in the 10-60 µWh cm-2 µm-1, while power densities 
fall within the range of 1-100 µWh cm-2 µm-1 [24]. As shown in Figure 2.1 below, we can 
see that lithium ion cells fall in the top right hand side of the Ragone plot, having both 
high energy density and high power density; the dots labeled from A-H are micro battery 
cells currently under development that can provide high power densities [24]. The lithium 
ion battery cell known as an A123 was used for capacity degradation experimentation 
discussed later in this thesis, specifically A123 ANR26650 cylindrical li-ion cells. 
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Figure 2.1: Density Distributions [24] 
2.1.1 Types of Lithium Ion Batteries  
There are several different types of lithium ion batteries available today, although 
there are a few that stand out due to their long life, specific power, and overall level of 
safety, specifically when it comes to EVs [25]. The three most relevant to EVs are: 
Lithium Manganese Oxide (LiMn2O4), Lithium Iron Phosphate (LiFePO4), and Lithium 
Nickel Manganese Cobalt Oxide (LiNiMnCoO2); the abbreviations for these types of 
lithium ion batteries are LMO, LFP, and NMC respectively. This thesis will focus mainly 
on NMC and LFP – more specifically the Sony VTC4 18650 (NMC) and the A123 
Systems A123 ANR26650 Cylindrical Li-ion Cells (LiFePO4). Photographs of the Sony 




Figure 2.2: NMC and LiFePO4 Lithium Ion Batteries  
It should be noted that the type of battery used for characterization discussed later 
in this thesis is the Sony VTC4 18650 and the type of battery used for validating the 
aging degradation is the A123 Systems A123 ANR26650 Cylindrical Li-ion Cells. The 
reasoning for the use of separate battery chemistries and types will be expanded upon 
later in this section. 
 
2.1.2 Electrical Models 
In order to simulate lithium battery cells, you need a mode to emulate the lithium 
battery cells’ performance. This thesis will focus on an electrical equivalent circuit model 
for its simplicity and speed for computation; there are many ways to implement a battery 
model, but this thesis will focus on specifically electrical models. The specific model that 
will be used for electrical modeling is a Randles’ model, 1st order [26]. RC branches can 
be added to the 1st order model to achieve a 2nd order model. More RC branches can be 
added to increase the accuracy of the overall electrical model – for example, a Randles’ 
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1st, 2nd, and 3rd order models with the omission of Warburg impedance may be found 
below in Figure 2.3 [26] [27]. 
 
Figure 2.3: Randles’ Battery Cell Electrical Models [26] [27]  
The accuracy different between orders of models can be qualitatively observed in 
Figure 2.4, where we can see that the accuracy of the model does indeed increase with the 
number of RC branches or the order of the model; the A123 battery used is the same 
battery used for capacity degradation tests [28]. 
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Figure 2.4: Amount of RMS Error for RC Branches [28] 
The Warburg impedance element ZW will be omitted from this thesis as we are not 
interested in the high frequency operation for our application [29] [30] [31]. 
The purpose of components R0, R1, and C1 shown in the 1st order model of 
Figure 2.3 are a part of the equivalent circuit model of a battery to mathematically 
describe the phenomenon in battery modeling known as relaxation. Relaxation occurs 
when the battery cells are allowed to sit in between being utilized; the longer a battery 
sits, the more stable the voltage measurement and therefore the more accurate the 
measurement. It has been shown for LiFePO4 lithium ion batteries – the same batteries 
used for the capacity degradation tests – that for a relaxation time of 3 hours and 8 hours, 
the open circuit voltage (OCV) changed less than 1 mV and therefore considered stable 
[32]. Variable relaxation times produce variable OCV versus State of Charge (SOC) 
curves that shift up or down depending on a charge or discharge cycle. A variable OCV 
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versus SOC curve makes SOC estimation and therefore State of Health (SOC) estimation 
difficult. The amount of variation for different relaxation times from 1 minute to 3 hours 
may be observed below in Figure 2.5 [32]. 
 
Figure 2.5: OCV versus SOC for Variable Relaxation Times [32] 
The gap in between the charge and discharge curves is known as hysteresis. More 
specifically, battery hysteresis occurs as a result from “thermodynamical entropic effects, 
mechanical stress, and microscopic distortions within the active electrode materials 
which perform a two phase transition during lithium insertion/extraction” [33]. The 
ability to quantize the phenomenon known as hysteresis is essential to achieving an 
accurate estimation of the SOC of the battery cell. A visual representation of the process 
hysteresis for a generic lithium ion battery that was charged from 0-100% SOC followed 
by a discharge of 100-0% SOC may be found below in Figure 2.6 [34]. 
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Figure 2.6: Visual Representation of Hysteresis Phenomenon [34] 
In order to achieve the correct characterization parameters for the Randles’ model, 
different tests have to be performed to extract different parameters. In order to 
characterize the parameters for Randle’s model, a Pulse Charge and Discharge Test – also 
called a Hybrid Power Pulse Characterization (HPPC) test – must be performed [35] [36]. 
Pulses of 1% of capacity and 5% capacity are combined to result in experimental values 
that can then be evaluated to generate the values for R0 and the desired number of RC 
pairs.  
 
2.1.3 Battery Aging Models  
In this thesis, the effects of calendar aging will be neglected as we are assuming a 
constant temperature and compared to cyclical aging for the given time span, calendar 
aging will be negligible, as supported by Figure 2.7 where the effects of 10 months of 
storage are shown [37]. For a more precise model, calendar aging would be included in 
future work.  
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Figure 2.7: Calendar Aging of NMC and LFP Lithium Ion Batteries [37] 
 
The experimentally validated capacity degradation model to be used in this thesis 
was generated by performing multiple cycles using pre-defined current profiles; the 
current profiles generated were to charge the batteries from 0 to 10%, 0 to 30%, and in a 
subsequent study, 0 to 20% SOC respectively [38] [39].  As stated in the Introduction, the 
state of charge level of 10-30% is where batteries typically operate for PHEVs; an 
example profile of PHEV operation can be seen in Figure 2.8 [40].  
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Figure 2.8: Typical PHEV Battery SOC Operation Profile [40] 
In order to perform degradation to the A123 LiFePO4 battery cells, the desired 
current profile was run for thousands of cycles to achieve capacity degradation of the 
battery cell. An example of one of the current profiles, specifically the 0-10% SOC 
current profile may be found in Figure 2.9 [38]. The results of running the experiment for 
thousands of cycles for all cases – 0 to 10% SOC, 0 to 20% SOC, and 0 to 30% SOC – 
are in Figure 2.10 [38]. 
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Figure 2.9: Current Profile for 0-10% SOC [38] 
 
Figure 2.10: Degradation of A123 LiFePO4 Battery Cells [38] 
The number of cycles performed also relates to the total amp-hours and therefore 
capacity degradation can also be plotted against total amp-hours in lieu of number of 
cycles if so desired. The conversion from cycles to amp-hours results in Figure 2.11 [38].  
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Figure 2.11: Degradation of A123 LiFePO4 Battery Cells in Amp-Hours [38] 
  
 The curves found in Figure 2.11 can then be fitted using the equation  𝑎𝑎𝑖𝑖 ∗ 𝑛𝑛𝑏𝑏𝑖𝑖. It 
then becomes apparent that for these experimental tests, b can simply be represented with 
1.36 which is the average of the six exponentials – one from each curve – and still 
provide a low RMS for each experimental scenario [38]. The value of 1.36 for b will 
change for different batteries, i.e. the other SONY VTC4 18650 lithium ion battery used 
in this thesis. Other experimental tests would have to be run to properly fit the 
exponential term b. 
The term ai must then be fitted properly, where ai is dependent upon multiple 
factors, including ΔSOC and the CRATE. The model proposed in [38] uses ai as a severity 
factor defined by:   
 𝑎𝑎(𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆,𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) = (𝛼𝛼 + 𝛽𝛽 ∗ 𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆 + 𝛾𝛾 ∗ 𝑒𝑒𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) (2.1) 
 



























































When fitting the severity factor above for α, β, and γ an RMS error value of 
1.46 ∗ 10−5 is obtained for the values [38] defined as: 
𝛼𝛼 = −5.31 ∗ 10−5, 𝛽𝛽 = 8.36 ∗ 10−6, 𝛾𝛾 = 2.69 ∗ 10−8 
Using the technique described in [38] and shown above, one could repeat this 
process to characterize the capacity degradation of other lithium ion batteries. An aging 
factor map for that battery can then be generated, similar to the aging factor map 
generated in [38] shown in Figure 2.12. 
 
Figure 2.12: Aging Severity Factor Map for A123 LiFePO4 Battery Cells [38] 
 
2.1.4 Governing Equations  
The governing equations for the electrical model – a Randles’ 1st order model – 
and the aging model used in this thesis are below [19]. A diagram of the circuit for the 
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governing equations is provided in Figure 2.13 to show the polarity for the derivation of 
the equations [19]. The equations below are similar to those in [39]. 
 
Figure 2.13: Circuit Diagram for Derivation of Battery Cell Governing Equations [19] 
To begin, let us consider the voltage of each cell. Note that the use of j will help 
later when considering the dynamics of entire battery module, but for now j can be 
considered “1” for the first cell in the module. 
 𝑣𝑣𝑗𝑗(𝑡𝑡) =  𝑆𝑆𝑆𝑆𝑂𝑂𝑗𝑗 �𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗(𝑡𝑡)� + 𝑅𝑅𝑗𝑗 �𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗(𝑡𝑡)� ∗ 𝐼𝐼𝑗𝑗(𝑡𝑡) + 𝑂𝑂𝐶𝐶,𝑗𝑗(𝑡𝑡) (2.2) 
 The dependency on SOC in (2.1) can be modeled as an approximately linear 
relationship for most battery operations; an example of a typical OCV vs SOC 
relationship plotted with their respective linear models may be found in Figure 2.14 [41], 
with the respective model in (2.2). The value of 𝑅𝑅𝑗𝑗 – also denoted as R0 in literature – 
 19 
varies with SOC and T, however we are assuming a constant T. The parameter 𝐼𝐼𝑗𝑗(𝑡𝑡) is the 
current flowing through cell j at a given time t. Since we are using a Randles’ 1st order 
model, we must not forget the voltage across our RC branch, denoted as 𝑂𝑂𝐶𝐶,𝑗𝑗(𝑡𝑡). 
 
Figure 2.14: Linear Models for OCV vs SOC Data [41] 
 𝑆𝑆𝑆𝑆𝑂𝑂𝑗𝑗(𝑡𝑡) =  𝑎𝑎𝑗𝑗 +  𝑏𝑏𝑗𝑗 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗(𝑡𝑡) (2.3) 
 Since there is a dependency on SOC, we must model the derivative of SOC with 
respect to time in order to further inspect the dynamics of the system.  




 The model for 𝑆𝑆𝑆𝑆𝑆𝑆̇  is the current going through the battery cell over the capacity 
of the battery cell, 𝑄𝑄𝑗𝑗. Again, since we are assuming a constant temperature, T, we can 
simplify (4.3) to (4.4). The 𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 can be explicitly stated as a combination of the current 
flowing through battery cell j and the initial capacity, as shown in (4.5) where 𝑄𝑄0,𝑗𝑗is the 
initial capacity for each cell j. 𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆 is the change in SOC for cell j over time, more 
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specifically the maximum SOC minus the minimum SOC. For example, the 𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆 in 
Figure 12 is 10%. 
  𝑄𝑄𝑗𝑗 =  𝑄𝑄𝑗𝑗(𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ,𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆) (2.5) 
 







 With the basic electrical equivalent model in place and all of its variables besides 
𝑄𝑄𝑗𝑗 derived – which is to be derived according to the capacity degradation model, we must 
state the constraints of the electrical model. The constraints are applied are: the current 
through cell j must be between the lower and upper limits, 𝐼𝐼 and 𝐼𝐼, the state of charge 
must lie within the lower and upper bounds 𝑆𝑆𝑆𝑆𝑆𝑆 and 𝑆𝑆𝑆𝑆𝑆𝑆, and the voltage must remain 
bounded by the lower and upper bounds of 𝑣𝑣 and 𝑣𝑣. These constraints are explicitly 
stated in (4.6), where . indicates a lower bound and . indicates an upper bound. 
 
  
�     
𝐼𝐼  ≤  𝐼𝐼𝑗𝑗(𝑡𝑡)  ≤  𝐼𝐼
𝑆𝑆𝑆𝑆𝑆𝑆  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗(𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆
𝑣𝑣 ≤  𝑣𝑣𝑗𝑗(𝑡𝑡)  ≤  𝑣𝑣
 (2.7) 
 The governing equations for the capacity degradation model are derived from 
work presented in [19] [38] [39]. More explicitly, the work performed in [19] provided 
the theoretical groundwork for the initial capacity degradation experimental results in 
[39] using the A123 Systems LiPO4 batteries. Paper [38] continued the experimental 
work performed in [39] and proposed the capacity degradation model adapted for the 
work performed in this thesis.  
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The basis of the capacity degradation model in [39] utilizes the Palmgren-Miner 
rule to effectively create a cumulative damage model. The Palmgren-Miner rule is a 
fatigue based rule sums the fatigue damages over different fractional damages. As 
explained in [42] that if an object can tolerate a cumulative damage, D, and the object 
goes through Di  degrading cycles where 𝑖𝑖 ∈ {1, … ,𝑁𝑁} and N is the total number of 
cycles, then there would be a failure when the sum of Di cycles is D. More explicitly: 




 There are differentiating fractional damages accumulated by a battery cell, which 
satisfies the necessary and sufficient condition for additivity defined in [43]. The 
resulting capacity degradation being dependent on the severity of the cycle and the age 
factor, denoted as 𝜑𝜑1(𝑝𝑝)  and 𝜑𝜑2(𝑛𝑛) respectively. We can therefore divide our capacity 
of each cell 𝑄𝑄𝑗𝑗 into 𝜑𝜑1(𝑝𝑝)  and 𝜑𝜑2(𝑛𝑛), as in (2.9). 
 𝑄𝑄𝑗𝑗(𝑝𝑝,𝑛𝑛) =  𝜑𝜑1(𝑝𝑝) ∗  𝜑𝜑2(𝑛𝑛)  (2.9) 
 Still recall that 𝑄𝑄𝑗𝑗 is a function of 𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 and 𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆 as shown in (2.2) – the 
dependency on these variables will remain intact after this derivation. To define 𝜑𝜑1(𝑝𝑝) 
and  𝜑𝜑2(𝑛𝑛) one must inspect experimental data that shows the capacity degradation over 
time. From the experimental data provided from the work performed in [38], shown in 
Figure 2.15 an exponential trend is seen. Thus, 𝜑𝜑2(𝑛𝑛) must have an exponential term. 
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Figure 2.15: Capacity Degradation Experimental Data provided by A123 Systems [38] 
 The capacity of cell j may then be re-written in (2.9) where 𝜑𝜑1(𝑝𝑝) =  𝑎𝑎1(𝑝𝑝) and 
𝜑𝜑2(𝑛𝑛) =  𝑛𝑛𝑅𝑅2 [38].  
 𝑄𝑄𝑗𝑗(𝑝𝑝,𝑛𝑛) =   𝑎𝑎1(𝑝𝑝) ∗ 𝑛𝑛𝑅𝑅2. (2.10) 
 To define the severity factor, a severity factor map must be constructed, as 
demonstrated in [38] and shown in Figure 2.12.  The severity factor map provides the 
severity of which degradation occurred by using 𝑄𝑄𝑗𝑗’s dependency on 𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 and 𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆 
where each dependency is weighted differently. The weight of each dependency is 
collected from fitting the experimental data. The severity factor from (2.10) and Figure 
2.12 [38] can be expanded below: 
  𝑎𝑎1(𝑝𝑝) =  𝛼𝛼 +  𝛽𝛽 ∗ 𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆 +  𝛾𝛾 ∗ 𝑒𝑒𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  (2.11) 
 In order to express the aging factor from (2.9), we must be able to quantify the 
number of different cycles in order to continue to allow the Palmgren-Miner rule to hold. 
However, the total lifetime of a battery is typically measured in amp-hours. A conversion 
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between amp-hours and a cycle is needed to continue. In [38], a cycle is defined as in 
(2.12). 
 𝑛𝑛 =  
𝐴𝐴ℎ
2 ∗ 𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆 ∗ 𝑄𝑄𝑗𝑗(𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ,𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆)
 (2.12) 
 The term 𝑎𝑎2 must also be defined; this exponential term is derived from the 
exponential fit on the experimental data as shown in Figure 2.10. This does mean that 𝑎𝑎2 
would vary according to the severity factor, 𝑎𝑎1. However, an RMS value of 0.24% was 
found when simply averaging the values of 𝑎𝑎2 for the different severity scenarios [38]. 
Thus, 𝑎𝑎2 can simply be the mean of the exponential for the experimental data.  
 In order for the differential of (2.9) with respect to time to be derived for 
implementation in this thesis, we must re-write 𝑄𝑄𝑗𝑗 in terms of time; to do this, we must 
relate amp-hours, 𝐴𝐴ℎ, to time. Recall that amp-hours is the total amount of current that 
flows through the battery cell j over the initial capacity of battery cell j. We can then 
write (2.13). 






 After re-writing all of 𝑄𝑄𝑗𝑗’s dependencies in terms of time, we are now able to take 
the derivative and model the capacity degradation of cell j  over time. Thus, combining 
(2.9) – (2.13), we can write 𝑄𝑄𝚥𝚥̇  as (2.14). 
 𝑑𝑑 𝑄𝑄𝑗𝑗(𝑡𝑡)
𝑑𝑑𝑡𝑡
=  �𝛼𝛼 +  𝛽𝛽 ∗ 𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗(𝑡𝑡) +  𝛾𝛾 ∗ 𝑒𝑒
𝑖𝑖𝑗𝑗(𝑅𝑅)















 With the equations in place for a single battery cell, we can now derive the 
governing equations for the battery module as a whole. 
The electrical equivalent circuit model combines the electrical model for each 
battery cell to obtain the electrical model for the entire module. The battery cells are 
labeled according to their position from the top, i.e. the top battery cell is cell 1, as shown 
in Figure 2.16.  We can then simply our discussion to j number of cells, where j 
represents the index of each of the battery cells. 
 
Figure 2.16: Battery Orientation inside the Module 
Each of the individual battery cells has its own electrical equivalent model – a 
Randles’ 1st order model – as shown in Figure 2.13 [19].  
In order to explain the dynamics of each battery in relation to the overall 
dynamics of the battery module, we must define the relationships between the two 
dynamics. A visual representation of the quantification of these relationships is found in 
Figure 2.17.  
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Figure 2.17: The Battery Module Dynamics with Respect to Individual Cell Dynamics 
 
Similar to an energy storage model proposed in [44] except we are neglecting the 
current flowing through the balancing circuit and therefore there is not any power loss in 
the balancing circuit. The current through the entire module should be the same as each 
respective battery cell due to their series orientation. This relationship is shown in (2.15). 
 𝑖𝑖𝑜𝑜𝑜𝑜𝑅𝑅(𝑡𝑡) =  𝑖𝑖𝑗𝑗(𝑡𝑡) (2.15) 
 Then we can express the voltage of the module, 𝑣𝑣𝑜𝑜𝑜𝑜𝑅𝑅(𝑡𝑡), as the summation of the 
voltages of each battery cell j in (4.15). 





 Thus, the total power of the module, 𝑝𝑝𝑜𝑜𝑜𝑜𝑅𝑅(𝑡𝑡), may be derived from 𝑖𝑖𝑜𝑜𝑜𝑜𝑅𝑅 and 𝑣𝑣𝑜𝑜𝑜𝑜𝑅𝑅. 
We can then derive the power of each battery cell – the order of calculation for 𝑝𝑝𝑜𝑜𝑜𝑜𝑅𝑅 and 
𝑝𝑝𝑗𝑗 is inconsequential.  




  𝑝𝑝𝑗𝑗(𝑡𝑡) =  𝑣𝑣𝑗𝑗(𝑡𝑡) ∗ 𝑖𝑖𝑗𝑗(𝑡𝑡) (2.18) 
All of the governing equations for a battery module are summarized in Table 2.1. 
TABLE 2.1 
Battery Module Governing Equations 
Term Description Representation 
𝑆𝑆𝑆𝑆𝑂𝑂𝑗𝑗(𝑡𝑡) Open circuit voltage 𝑆𝑆𝑆𝑆𝑂𝑂𝑗𝑗(𝑡𝑡) =  𝑎𝑎𝑗𝑗 + 𝑏𝑏𝑗𝑗 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗(𝑡𝑡) 
   




?̇?𝑄𝑗𝑗(𝑡𝑡) capacity degradation 
?̇?𝑄𝑗𝑗(𝑡𝑡) =  �𝛼𝛼 +  𝛽𝛽 ∗ 𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗(𝑡𝑡) +  𝛾𝛾 ∗ 𝑒𝑒
𝑖𝑖𝑗𝑗(𝑅𝑅)















   
𝑣𝑣𝑗𝑗(𝑡𝑡) voltage of each cell 
𝑣𝑣𝑗𝑗(𝑡𝑡) =  𝑆𝑆𝑆𝑆𝑂𝑂𝑗𝑗 �𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗(𝑡𝑡)�+ 𝑅𝑅𝑗𝑗 �𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗(𝑡𝑡)� ∗ 𝐼𝐼𝑗𝑗(𝑡𝑡)
+ 𝑂𝑂𝐶𝐶,𝑗𝑗(𝑡𝑡) 
𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆������� max charge in state of charge �𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗(𝑡𝑡) − 𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑎𝑎𝑎𝑎(𝑡𝑡)�  ≤  𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆
������� 
𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅,𝑗𝑗(𝑡𝑡) 
Current flow with 
respect to initial 
capacity 




   
 
 
2.2 Battery Management Systems 
Battery cells tied together in different topologies – series and parallel – form 
networks of battery cells, effectively called battery modules. These battery modules are 
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interconnected to make up the battery system in many EVs today. Battery management 
systems ensure correct, reliable operation of the battery systems. 
 
2.2.1 Purpose of Battery Management Systems 
The voltages and state of charge (SOC) of the batteries inside of the battery 
system need to be monitored to ensure a high level of safety and optimized performance. 
Common problems for operating outside of the lithium ion safety window are thermal 
runaway, formation of dendrites, copper foil oxidation, short circuits, and reduced 
lifetimes [45] [46]. The preferred operating window for lithium ion batteries is shown in 
Figure 2.18 [45]. 
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2.2.2 Battery Management System Topologies 
There are different battery management techniques that include different 
components, costs, and benefits. Figure 2.19 below shows the different battery 
management techniques while Figure 2.20 shows a qualitative comparison between the 
different techniques [47] [48]. 
 
Figure 2.19: Balancing Techniques [47] 
 
Figure 2.20: Comparison of Balancing Techniques [48] 
There are two main sub-categories of balancing techniques known as passive or 
active balancing. Passive balancing removes the excess charge by dissipating the energy 
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in a resistor while active balancing moves the excess charge from one battery cell to 
another – minimizing the energy to go to waste. A graphical representation of this 
difference between active and passive balancing may be found in Figure 2.21 below [49]. 
 
Figure 2.21: Passive vs Active Balancing Techniques 
Passive BMS topologies utilize a resistor in all cases, whether in a fixed or 
shunting resistor topology. The resistor is used to effectively “bleed off” the excess 
energy in order for cells to become balanced. As seen in Figure 2.20, the next main 
separating principles under active balancing are capacitor based, inductor/transformer 





2.2.3 Battery Management System Hardware 
Battery management systems need four main items to be successful. These four 
items are: a microcontroller, switches, circuit isolation devices, and measuring devices.  
Starting with microcontrollers, a powerful, small microcontroller is needed to be 
able to throw switches and process the data acquired from the measuring devices on the 
order of a few milliseconds to achieve a reasonably-fast single switched capacitor system.  
In this thesis, the focus is not on creating a commercial-ready BMS, but to inspect 
the controls of the BMS. For this reason, an Arduino was chosen for its ability for rapid-
prototyping and quick modification of the microcontroller. This choice is not without its 
downsides, specifically in regards to limited analog resolution and conversion time. Other 
choices besides the Arduino that would favor more towards commercialization may be 
found in Figure 2.22 [45].  
 
 
Figure 2.22: Comparison of Battery Management Chips [45] 
The types of switches desired for a BMS application are MOSFETs, specifically 
logic-level MOSFETs. Other types of relays may also be used, but switching frequency 
may become limited based on the choice of relay. MOSFETs allow the user to have the 
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ability to switch typically on the order of microseconds with reduced power consumption. 
For this reason, MOSFETs were chosen in this thesis. MOSFETs arranged strategically 
also allow for them to be used as bidirectional switches; the orientation for using two 
MOSFETs as a bidirectional switch may be seen in Figure 26. In order to control the 
MOSFET as a bidirectional switch, we can apply a pulse width modulated (PWM) signal 
to the gate to open and close the bidirectional switch, given that the gates are tied 
together. Either ends of the switch are then connected to the capacitor and the battery – 
with the correct polarities; a visual representation of this description, adapted from [50] 
may be found in Figure 2.23. 
 
Figure 2.24: Connecting MOSFETs as a Bidirectional Switch 
There are a number of commercially available MOSFETs that fit the conditions of 
BMS; there is however a significant difference between logic-level MOSFETs and 
MOSFETs that are not logic-level. The difference between the two is the amount of 
voltage, VGS, that is required across the gate-source to turn on the MOSFET. For logic-
level MOSFETs, VGS is less than or equal to 5V while MOSFETs that are not logic-level 
require any VGS greater than 5V.  
In Table 2.2, a comparison between various logic-level MOSFETs to non-logic-
level MOSFETs is made. It should be noted that a logic-level MOSFETs is not required 
for a BMS to work properly, given that the current allowed to flow, ID, is greater than the 
 33 
required current for that BMS topology. As an example, for a SSC topology that does not 
perform balancing while cycling, it has been shown that the typical current flow through 
the switches used for balancing is typically less than 1.5A [51] or under the case of 
balancing while cycling, 30A [44]. The resistance of the MOSFET, typically documented 
as RDS(on) should be low to keep the resistance of the balancing circuit to a minimum. If 
the drain current ID is not sufficient with a logic-level input, the VGS voltage must be 
amplified to achieve the desired current flow, which was performed in [51]. 
 
 
Figure 2.25: The ID vs VGS Characteristic Curve for the IRF510 MOSFET [52] 
 
TABLE 2.2 





ID @ VGS=5V 
Room Temp Datasheet 
    
IRF510 
 
No 1A* [52] 
IRF530 
 
No 3A [73] 
FQP30N06L Yes 15A [72] 
    
IRLZ34NPbF Yes 14A [74] 
    
NTP60N06L Yes 30A [75] 
    
*The ID vs VGS curve is in Figure 2.25 as an example. 
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 Circuit isolation between high voltage and lower voltage circuits is crucial to 
ensure that there are not any undesirable occurrences. Most isolation circuits utilize an 
optocoupler, sometimes mentioned as an opto-isolator, photocoupler, or optical isolator, 
to keep high voltage circuits and low voltage circuits isolated but still communicate 
between the two circuits. An optocoupler utilizes an LED to emit light that is then 
transmitted to the receiver, a phototransistor, where the phototransistor can either 
generate energy or simply modulate the current flowing in the second isolated circuit. It 
should be noted that some solid-state relays combine MOSFETs and optocouplers into a 
single device, compacting the circuit design. A circuit diagram of an opto-isolator within 
a circuit is in Figure 2.26 [53]. 
 
Figure 2.26: An Opto-Isolator Circuit [53] 
 
The measuring devices implemented in a BMS are voltage, current, and in most 
cases, temperature. For the purposes of this thesis, measuring temperature is not 
necessary to create an experimental scenario that replicates simulations and therefore will 
be neglected; however, for the purposes of commercialization, the measurement of the 
temperature of the battery module would be an essential safety factor. In regards to 
voltage, the voltage of the each battery cell may be measured via the built-in analog to 
 35 
digital converter (ADC) in the microcontrollers described in Figure 2.26. The current 
measuring devices is perhaps the more difficult of the three; common practice is to utilize 
a sense resistor and measure the low voltage across the sense resistor, dividing by the 
resistance of the used sense resistor to obtain the current flow [51] [54].  
For the design of a BMS, an engineering decision must be made for the placement 
of the sense resistors. The sense resistors can be placed before or after the load, also 
called high-side sensing and low-side sensing. A circuit diagram comparing the two 
methods is in Figure 2.27 [55]. 
 
Figure 2.27: High-Side and Low-Side Current Sensing Comparison [55] 
There are advantages and disadvantages for each current sensing method; low-
side sensing is less expensive and simpler than high-side sensing, with the disadvantage 
that the load’s ground may be floating slightly off when compared to the systems ground 
and can therefore introduce error [55] [56]. Low-side sensing is also better for higher 
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currents [55]. High-side sensing requires the comparison of the voltage before and after 
the sense resistor which calls for the implementation of a differential op-amp – similar to 
that of low-side sensing, except one of the inputs to the op-amp is the voltage below the 
sense resistor instead of ground and denoted a single-ended amplifier. High-side sensing 
will be used for this thesis as we would like to measure the currents through each of the 
battery cells, to include measuring the current during balancing to monitor SOH of each 
battery cell. The total current flowing through the system can also be calculated via any 
of the sense resistor circuits put in place for each battery since this thesis is using the 
battery cells in a series topology. However, if a separate current sensing circuit is desired, 
high-side sensing could also be used to monitor the larger current flows, similar to the 
design proposed in [57]. The careful use of measuring devices is essential to the 
functionality of a BMS where the correct measurements will allow the microcontroller’s 
control system to make accurate control decisions based off of the status of the BMS as a 
whole. 
  
2.2.4 Battery Management System Software 
 Currently implemented BMS control systems aim to completely balance all of the 
cells via voltage equalization; if all of the cells have the same voltage and therefore the 
same SOC, the battery module must be balanced. Papers that utilize this method without 
the consideration of SOH are: [58] [59] [60] [51] . There are a few papers that calculate 
SOC via fuzzy logic with success [61] [62], some with a maximum error of +/-0.2% [61]; 
fuzzy logic has also been used to predict SOH [63] [64]. There is another proposed 
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technique that switches which cells of the pack can provide power at any given time – 
this technique focuses on utilizing the cells with the highest SOC and removing those 
with lower SOC from the power-providing circuit [65]. This technique effectively 
balances the SOC during operation and would inadvertently also help manage the SOH of 
the cells; the downside to this technique is the amount of hardware required to implement 
a switch on each battery cell, as shown in Figure 2.28 [65].  
 
Figure 2.28: Circuit Diagram for Parallel-Connected Energy Management [65] 
 
 Mathematically, voltage equalization can be expressed in (2.19) as voltages or in 
(2.20) as SOC where 𝛥𝛥𝑣𝑣���� and 𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆������� represent the maximum allowed difference between 
the cells’ voltages and SOCs. 
 �𝑣𝑣𝑗𝑗(𝑡𝑡) − 𝑣𝑣𝑅𝑅𝑎𝑎𝑎𝑎(𝑡𝑡)�  ≤  𝛥𝛥𝑣𝑣���� (2.19) 
 �𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗(𝑡𝑡) − 𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑎𝑎𝑎𝑎(𝑡𝑡)�  ≤  𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆������� (2.20) 
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 This voltage equalization methodology works well in ideal circumstances, the 
world is not ideal – batteries will not provide exactly the same as their counterparts. Over 
time these slight differences can be exaggerated, particularly over many charge and 
discharge cycles, causing different amounts capacity degradation and in-turn affecting the 
SOH of the battery cells. This voltage equalization methodology does not take into 
account SOH from capacity degradation and while this methodology works well, it may 
be leaving some lifespan on the table for the battery module as a whole.  
 The proposed BMS control prioritizes SOH over having equally balanced battery 
cells and will be referred to as the SOH equalization method in this thesis. This 
methodology, by nature, would require a “buffer zone,” identical to that of the voltage 
equalization method for the battery cells to not be balanced – i.e. the batteries can be +/- 
2% SOC of one another. Having a “buffer zone” allows the BMS to attempt to evenly 
distribute the aging of the battery cells evenly by transferring charge to the “youngest” 
cell while staying within the “buffer zone” when performing balancing. Future work for 
this thesis would consist of investigating switching logic with prioritization for SOH in 
tandem with the technique proposed in [65]. For now however, changing the control logic 
for a BMS that is already physically implemented is easier to prove that one can increase 
the longevity of the battery module. It should be noted that for both scenarios, the best 
application of this methodology would be before the first replacement of a battery 
module in the entire battery management system. Further discussion of this proposed 




Simulation Platform: Simscape  
This chapter discusses the process to setup the simulation platform within a well-
documented and heavily supported application known as MATLAB. The environment 
used within MATLAB is the Simulink environment with the physical system domain 
simulator known as Simscape. Performing the simulation using Simscape allows the user 
to create large models with custom components, as well as integrating seamlessly with 
MATLAB/Simulink function blocks. 
A model that takes into account capacity degradation needed to be developed 




Simscape has several built-in standard components that work well for simulating 
large circuits and scenarios. For special circumstances, there is also the option to edit the 
source code of the standard components to create your own, custom components. The 





Graphical Block Description Use 
 
resistor This block is used to simulate standard resistors. 
 
capacitor This block is used to simulate standard capacitors. 
 
inductor This block is used to simulate standard inductors. 
 
reference This block is used as a reference or ground, there must be one in every Simscape circuit. 
 
Simscape switch This block is a Simscape switch, toggled on-off via the PS input. 
 
variable resistor This block is a variable resistor where the resistance is set via the PS input. 
 
voltmeter This block operates as a standard voltmeter, measuring the voltage across its nodes. 
 




This block generates a current based off of the PS input, 
useful for scenarios where we need to set a current to 
test a circuit’s response.  
 
Simulink-PS converter 
This block is a Simulink to physical system (PS) 
converter, required to convert any value to correctly 
provide an input to a Simscape component. 
 
PS-Simulink converter This block performs the opposite of the block above, converting a Simscape signal into a Simulink signal. 
 
Simulink switch 
This Simulink switch is similar to the Simscape switch, 
but requires that the user-defined condition is met to 
throw the switch.  
 
pulse generator 
The pulse generator block is useful for generating pulses 
– and in the case of this thesis – a PWM signal output 
for a microcontroller. 
 
signal from workspace 
This block reads in a matrix as an input to the Simulink 
environment. You can set how many samples are 
considered the input. i.e. out of a 10 element matrix, we 
can force only 1 element to be read at a time. 
 
to workspace 
This block performs the opposite of the block above, 
returning the user-defined variable name to the 




The solver configuration block is a required block for 
Simscape to simulate. The position of this block in your 
simulation does not matter as long as it is connected to 
the Simscape diagram. 
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stop simulation The stop simulation block is a helpful tool for ending a simulation when it receives a non-zero value. 
 





The custom Simscape component to the left performs 
almost all of the operations required to model a battery 
cell. Its performance will be expanded upon in the 




Another custom Simscape component that acts as a 
variable resistor that is dependent on the SOC provided 
to the PS input. This component will also be expanded 




The MATLAB function block allows the user to define 
custom utilities via MATLAB syntax instead of via the 
Simscape language. For this thesis, MATLAB function 
blocks are used to help the adjustment from continuous 
to discrete time. 
 
memory block The memory block is useful for removing algebraic loops and initializing an initial condition.  
 
rate transition block 
The rate transition block performs exactly as the name 
states, allowing the user to convert the sample rate for 
any component to the right of the block. The application 
for this thesis is up-sampling for MATLAB functions. 
   
 
3.1.1 Standard Components 
The Simscape library comes with a handful of standard components, including the 
resistor, capacitor, inductor, and variable resistor. The utilization of these components is 
straight-forward, simple place the components into your circuit topology and connect the 
wires. Some of the devices require an input; to convert a Simulink system into an input 
for Simscape you must use an S-PS block. Simscape also requires the use of a solver 
block and a reference for each circuit – place these components where you would 




3.1.2 Custom Components 
When using Simscape, you will quickly run into the scenario where you need a 
component to be able to perform something non-conventional but would like to keep the 
provided solution in continuous time. For this reason, Simscape also has a built-in 
language that you can use to create custom components. It is highly recommended that 
you open up an existing component, click on the “Source Code” link, and save this 
source code as your new device name to save time. 
The Simscape language has what are called members. In order to successfully 
build your own custom component, one must understand the different member classes. 
There are six different types of member classes: parameters, variables, inputs, outputs, 
nodes, and components. Of these six member classes, the user can only write to two of 
them – parameters and variables. Snippets from the custom voltage table that is 
mentioned in Table III will be used as example code to discuss the functionality of the 
Simscape language. 
component voltage_table_v10 
% Voltage Lookup v10 
% This block implements the cell's main branch voltage source, and  
% determines values for capacity (C) and state of charge (SOC). The  
% defining equations do not depend on cell temperature, T.  
% 
% The outputs are SOC, Total Ah, and capacity of battery remaining  
% (from total Ah vs Capacity % curve) 
    {Code here} 
end 
 
Figure 3.1: Basic File Format 
In the Figure 3.1, the basic file format is shown where there must be a component 
with the name of the component next to it. The commented-out code is displayed to the 
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user when the customs Simscape component is clicked on and the “end” is required to 
complete the component definition. Within the area marked “{Code here}” is where the 
user will define the six member classes for the custom Simscape component. Each 
member class is used for a specific action or functionality, which is compiled below in 
Table 3.2; a useful resource for Simscape properties is MathWorks’ website [66]. 
Table 3.2 
Simscape Member Classes 
Term Description Code Example 
Components 
Allows the user to 
include other block 
within a custom 
component. Unused in 
this thesis’ Simscape 
models 
components(ExternalAccess=observe) 
     rot_spring = foundation.mechanical.rotational.spring; 
end 
Nodes 
Varies by domain – 
for electrical, simply 
initiate the + and – 
nodes across your 
component 
nodes 
     p = foundation.electrical.electrical; % +:left 





These inputs are inputs 
provided within the 
Simscape environment 
as PS signals to the 
custom component 
inputs 
     deltaSOC = {0,'1'} % deltaSOC:right 




The output member 
class is used to output 
a PS signal from the 
custom component  
outputs 
     Total_Ah = {0,'A*hr'} %Total_Ah:left 




There are two types of 
parameter when using 




variable size allows 
for matrices to be 
input. i.e. for a look-up 
table. 
  parameters 
       alpha = {0,'1'}; % Alpha from Exp Data 
       beta = {0,'1'}; % Beta from Exp Data 
       gamma = {0,'1'}; % Gamma from Exp Data 
  end 
 
Variables 
These are variables 
used within the 
component but not as 
inputs or outputs. 
variables  
      i = { 0, 'A' };  % Current 




There is also a built-in function into MATLAB that allows you to convert 
MATLAB equations into Simscape equations. This function is called 
 44 
“simscapeEquations()” and the process is straightforward – simply use the symbolic 
toolbox by calling the “syms” command followed by a variable like “x” and “f(x)”, and 
finally set up the desired equation via the “simscapeEquations” function [67]. An 
example would be “syms x f(x); simscapeEquation(f(x), diff(2*x^3))” would return “f(x) 
== x^2*6” to be implemented into the Simscape environment. 
There are three other sub-portions within the Simscape language that have yet to 
be covered, including: function setup, branches, and equations. Within the function setup 
portion, the user can define the required bounds for any of the input required to the 
custom component block, i.e. voltage must be greater than 0 and produce an error to the 
end user. The branch section is straight-forward for electrical applications as the current 
flowing into the device must equal the current flowing out of the device. This is 
represented by the code in Figure 3.2. 
 
branches 
 i : p.i -> n.i; 
end 
Figure 3.2: Simscape Language Branch Code 
The equations section of the Simscape language is the bulk of where the 
computation will be done – the other sections are for setting up the equation portion to 
work properly. For typical electrical operation, there is a voltage drop across the 
component and must be defined first in the equation section. At any time in this section, 
the time, current, and voltage of the component during the simulation may be accessed 
via “time”, “i”, and “v” respectively. It should be noted that the values of the current and 
voltage may be modified within the equations section, although the overall simulation 
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may produce an error. The entire source code for both custom Simscape components may 
be found in Appendix B: Source Code. 
Once the source code for the custom Simscape component is written, the custom 
library must be compiled and made available for the user to drop into their schematic. To 
do this, ensure that MATLAB is in the directory or one directory above the named 
component library then run the command “ssc_build MyComponents” where 
“MyComponents” is replaced with the name of your custom Simscape library. From here, 
a .slx file named “MyComponents_lib.xls” should have been generated; open this file to 
see your custom components then simply drag and drop your component into your 
Simscape circuit.  
 The compilation order for Simscape components, especially when it comes to 
custom components, is somewhat challenging for equations that have iterative processes. 
The Simscape language compiles from the top down, and does not “loop back” for the 
next iteration as Simscape simulates in continuous time and not discrete time. For 
example, the capacity degradation model used in this thesis subtracts the degradation 
from the previous cycle and denotes this value as the next value of capacity degradation; 
tasks similar to iterative processes subtracting from a previous value are why a MATLAB 
function block needed to be implemented.  
 Prior to the simulation is performed, ensure that all of the variables in the 
Simscape and Simulink blocks are set, including the Simscape components. Note that the 
user may define parameters as variables. For example, a resistor component in Simscape 
requires a resistance value. The resistance value may be set as “R1” where “R1” is then 
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pulled from the MATLAB workspace when the simulation is performed. Enabling 
variable inputs will allow for quick manipulation of variables without the need for re-
opening the Simulink files. 
  
3.2 Validation of the Simscape Model 
  This section discusses the processes and results for validating the Simscape 
model, both the electrical equivalent circuit and the capacity degradation algorithm.  
 
3.2.1 Setup and Validation of the Electrical Model 
In order to demonstrate the validity of the proposed and characterized electrical 
model, simulations needed to be run. The characterization parameters found for the Sony 
VTC4 18650 will be used for validation as physical tests were run using the Sony VTC4 
18650 battery. The circuit diagram from Figure 2.13 [19] was used to construct the 
Simscape model found in Figure 3.3. 
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Figure 3.3: Simscape Battery Model 
The simplified version – that incorporates the Simscape battery model into a 
single block – is used to simulate from a higher-level and may be found in Figure 34.  
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Figure 3.4: Simplified Simscape Model 
In Figure 3.4, we can also see a controlled current source as well as a voltage 
sensor with polarities that indicates negative current charges the battery and a positive 
current discharges the battery.  
To verify this model, experimental data of the physical battery cell – the Sony 
VTC4 18650 – from a US06 drive cycle was used. A drive cycle is a predetermined route 
that is intended to duplicate the situation in which drivers find themselves – the US06 
drive cycle is meant to duplicate a “high acceleration driving schedule that is often 
identified as the ‘Supplemental FTP’ driving schedule” [68]. The current and voltage 
measurements were taken every 0.1 seconds throughout the duration of the US06 drive 
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cycle. The experimental current profile for the US06 drive cycle may be found below in 
Figure 3.5. 
 
Figure 3.5: Current Profile for US06 Drive Cycle 
Providing the battery model with the experimental current profile of that found in 
the US06 drive cycle, the output should be near identical to that of the experimental 
voltage output in order to show that the model was verified; the resulting voltage output 
from the current profile may be seen in Figure 3.6. 
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Figure 3.6: Battery Cell Voltage Simulated Results from US06 Current Profile Input 
With both the experimental and simulated results of the US06 current profile test, 
we are able to calculate the root mean square (RMS) error of the battery model. Looking 
at (2.1), we can see the RMS error equation where Xn is data point n where n = {1,…,N} 
and N is the number of points. 
 









Utilizing (2.1) above, the calculated RMS error was 0.011 Volts or 11mV when 
comparing the experimental voltage to the simulated voltage results shown in Figure 3.6. 





3.2.2 Setup and Validation of the Capacity Degradation Model 
 In order to ensure that the battery model is performing as desired in regards to 
capacity degradation, simulations need to be run similar to those used to generate the 
severity profile. Recall the current profile provided in Figure 2.9 – using a CRATE of 2C 
and a ΔSOC of 10% we should be able to reproduce the capacity degradation curve found 
in Figure 2.10; this process can be applied to the other tested CRATE and ΔSOC scenarios, 
4C, 8C, 20%, and 30% respectively. Comparing the experimental values to the output of 
the capacity degradation model implanted in Simscape, we can evaluate how well the 
Simscape model performs.  
 The simplified version of the capacity degradation model used when simulating a 
BMS can be found in Figure 3.4. Note the use of rate transition blocks that allow the user 
to sample at a different frequency than the current input of 0.1 seconds; typical sampling 
frequency for the capacity degradation simulations was every 100 seconds to avoid 
having large matrices output into the workspace.  
 The results of simulating different current profiles in the Simscape capacity 
degradation model were comparing a CRATE ranging from 2C to 8C and a ΔSOC change 
ranging from 10% to 30% and can all be found in Figures 3.7-3.9. The dotted lines for all 
figures indicate the simulation results, while the solid lines indicate the experimentally 
fitted results produced in the work performed by [38]. 
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Figure 3.7: Simscape Simulation vs Experimental Capacity Degradation for a CRATE of 2 
 
Figure 3.8: Simscape Simulation vs Experimental Capacity Degradation for a CRATE of 4 
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Figure 3.9: Simscape Simulation vs Experimental Capacity Degradation for a CRATE of 8 
 The RMS error was calculated from the operation zone of 100% capacity to 80% 
capacity for each scenario as this is considered the EOL for EV batteries. From Table 3.3, 
we can see that the Simscape model is good enough for the purpose of this thesis as just a 
capacity degradation model is not the focus, with a maximum RMS error of 1.52% 
TABLE 3.3 
RMS ERROR FOR SIMSCAPE MODEL 
Test Number CRATE ΔSOC RMS Error 
1 2 10% 1.45% 
2 2 20% 1.04% 
3 2 30% 0.92% 
4 4 10% 1.52% 
5 4 20% 1.03% 
6 4 30% 0.92% 
7 8 10% 0.59% 
8 8 20% 0.66% 





Battery Management System Simulations 
In order to properly evaluate the BMS control logic proposed in this thesis, the 
entire battery management system must be simulated. 
 
4.1 Voltage Equalization BMS Control Logic 
  The voltage equalization technique is – again – a simple, yet effective 
technique. An example of this technique for a +/- 1% balancing system would allow four 
cells in series to have SOCs of 70%, 71%, 72% and 71% and be considered balanced as 
none of the cells is more than +/-1% from the average of all of the cells – in this example 




Figure 4.1: Voltage Equalization BMS Logic Flow Diagram  
 Inspecting the logic flow diagram in Figure 4.1, the system initializes at the 
location marked “start,” where the system checks if it is balanced or not by inspecting 
each battery cell’s SOC compared to the average battery cell SOC. If within the bounds, 
the system is considered balanced and the program exits. If not within bounds, the system 
is considered unbalanced and loops back to retrieving the high SOC and low SOC cells. It 
should also be noted that for physical implementation of activating or turning “on” the 
switches, a PWM output to a switch – typically a MOSFET. All active balancing methods 
have some form of switching to shuttle the energy from cell to cell; diagrams of active 
topologies including switch locations can be found in [69]. The PWM signal typically 
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operates at less than a full duty cycle, some papers have used 200 Hz with a 45% duty 
cycle [51] and others have found a way to optimize the best frequency for PWM with a 
duty cycle of 50% [70]. For simplicity, this thesis will use 200Hz and 45% duty cycle for 
PWM. The implemented Stateflow control diagram is similar to that found in Figure 4.1 




Figure 4.2: Voltage Equalization Stateflow Control Diagram 
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4.2 SOH Equalization BMS Control Logic 
 The proposed BMS control logic attempts to evenly distribute the aging of the 
cells during the balancing process. Through distributing the aging between the battery 
cells, the longevity of the battery system as a whole will be increased as the capacity 
degradation on one cell will not classify the module as having reached its EOL. The 
premise of having more degraded battery modules than others can have detrimental 
effects on the healthier modules [71] – the proposed BMS control logic offset this effect 
by attempting to redistribute the aging during a typical balancing cycle. Figure 4.3 below 
shows the logic flow for the proposed BMS controls. 
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Figure 4.3: Logic Flow Diagram for Proposed BMS Logic 
 Inspecting the logic flow diagram in Figure 4.3 above, there are four possible 
states in which the proposed BMS must make a decision. For the simplest case where 
both the SOC and SOH are balanced, the system leaves the battery cells as-is. Moving 
from right to left, the next case is the SOC is balanced but the SOH is unbalanced. For 
this scenario, the BMS will choose to do nothing as distributing the aging across the 
battery cells is not worth sacrificing a balanced SOC. A longer battery life is not worth 
risking ones’ safety and for this reason the BMS also leaves the battery cells as-is. The 
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remaining two states both have an unbalanced SOC; one of which is identical to the 
decision-making that occurs during voltage equalization. The state that implements 
voltage equalization is the SOC unbalanced with SOH balanced state where SOH is not a 
concern and the system should focus on the SOC. For this block, all of the logic 
discussed for the voltage equalization technique applies. The last state on the far left of 
Figure 4.3 is where the proposed BMS control system comes into play. In this final state, 
we can attempt to evenly distribute some of the aging while balancing SOC by utilizing 
information provided by our SOH estimator. The implemented logic looks for the highest 
SOH cell that is above the lower accepted SOC bound and transfers energy to the lowest 
SOC cell until it reaches the lower accepted SOC bound or the system becomes SOC 
balanced. If this cell reaches the lower accepted SOC bound, we move to the next 
“youngest” cell that has a SOC above the lower accepted SOC bound to provide the 





Figure 4.4: SOH Equalization BMS Stateflow Logic Overview 
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4.3  Comparison of the BMS Control Logic 
 In order to show the difference between the two BMS control logics, the two 
control systems were ran side-by-side given the same scenarios to see which switches 
would be thrown. The SOC and SOH inputs were generated via MATLAB’s random 
number generator function. The Stateflow models for this comparison can be found in 
Figure 4.5. 
 
Figure 4.5: Comparison of BMS Control Logic Stateflow Model  
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 During the execution of the comparison between the two Stateflow models, the 
outputs of each model are the desired switch configurations. These switch configurations 
are converted to the associated cells for interpretation simplicity. The provided SOC 
inputs are given in Figure 4.6, the provided SOH inputs are provided in Figure 4.7, and 
the comparison between the thrown switches is in Figure 4.8. 
 
Figure 4.6: Provided SOC Inputs for Stateflow Comparison 
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Figure 4.7: Provided SOH Inputs for Stateflow Comparison 
 
Figure 4.8: Switch Position Outputs for Stateflow Comparison 
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 One of the first items to note in Figure 4.6 and Figure 4.7 are the green and red 
portions of the plots. The green and red lines for both the SOC and SOH indicate the 
highest battery cell for that respective parameter. For example, a green line for both SOC 
and SOH begins on Cell 1 – this indicates that battery cell one has both the highest SOC 
and the highest SOH. Conversely, we can see that battery cell three has the lowest SOC 
and battery cell four has the lowest SOH.  
 To reveal the BMS logic for voltage equalization, simply look at the highest SOC 
and the lowest SOC in Figure 4.6. The switches will be thrown between these two 
positions. For example, initially the switches should oscillate between Cell 1 with the 
highest SOC and Cell 3 with the lowest SOC, which is exactly what happens as shown in 
Figure 4.8.  
 Upon further inspection, we can also see that for this round of testing, there were 
three scenarios in which the systems provided different outputs. The first occurrence is 
between samples 20 and 30, the second occurrence is between samples 30 and 40, and the 
third occurrence is between 40 and 50. For the first occurrence, it is obvious that the 
voltage equalization BMS balances by sending the energy from the maximum SOC 
battery cell, cell 3, to the minimum SOC battery cell, cell 4. In this case, the SOH was the 
greatest in cell 1 and cell 1 also had a SOC greater than the lower SOC bound, thus the 
SOH equalization BMS chosen between Cell 1 and Cell 4. It should also be noted that for 
this comparison, both tolerances for the upper and lower, SOC and SOH bounds were 
1%. Similar to the first occurrence, the second occurrence took note that cell 1 was a 
“younger” cell and transferred the energy from the “younger” cell to the lowest SOC cell, 
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cell 4. In the last occurrence, the cell with the highest SOH, cell 3, also had a SOC above 
the lower SOC bound and therefore was used instead of cell 4 for the SOH equalization 
topology. 
 
4.4 BMS Simulation Setup 
 Now that the Stateflow models for each BMS control system are setup and 
validated for their correct functionality, we must now simulate the entire BMS to be able 
to quantify the difference between the two methodologies. The portion that includes the 
four battery cells in series and a switched capacitor are identical for both BMS. A 
simplified version of the battery module setup may be found in Figure 4.9. The full 
“skeleton” version utilized in simulations is in Figure 4.10. 
 
Figure 4.9: Simplified Battery Module Setup 
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Figure 4.10: Simulation Battery Module “Skeleton” Setup 
 Note how there are wires that go vertical, above the switches on the left hand side 
of the battery module setup in Figure 4.10 – these wires hookup to the output of the 
Stateflow block for either BMS control system. The wires on the right hand side of the 
figure are for the SOC output to the BMS. For the case where SOH is needed, four more 
wires are run to the SOH output from each battery cell block. Recall that inside of each 
battery block is the Simscape capacity degradation model. 
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 For the second half of the simulation setup, either the voltage equalization 
Stateflow model or the proposed BMS Stateflow model is used. For both cases, a PWM 
output is hooked up to a switch to indicate when to provide a PWM signal. The use of a 
PWM signal instead of transistor-transistor logic (TTL) of 5V or 0V provided to the 
switch – or in the physical BMS case, the MOSFET bidirectional switch – allows for the 
omission of having an “off” state with the Stateflow decision logic for both cases as the 
duty cycle for the PWM signal is 45%. With the PWM signal at 45%, the signal will 
already be at 0V before throwing the next switch. It should also be noted that the 
frequency for switching used is a magnitude lower than the time it takes the capacitor to 
charge, that way the capacitor is charged to its maximum before the next switch is 
thrown. There has been work done that mentions finding the optimal switching frequency 
[70]. Nonetheless, the Stateflow models within the BMS simulation for both the voltage 
equalization technique and the SOH equalization technique may be found in Figure 4.11 
and Figure 4.12 respectively. 
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Figure 4.12: SOH Equalization BMS Stateflow within the BMS Simulation 
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4.5 BMS Control System Comparison Simulation Results 
 In order to quantify the difference between the two control systems, a balancing 
operation was conducted. The conditions used were similar to those performed in other 
BMS simulations, as used in [51]. The conditions were as follows: battery cell capacities 
of 2.18 amp-hours, OCV vs SOC curve for the NMC battery, R0 vs SOC curve for the 
NMC battery, R1 of 0.002 ohms, C1 of 670 farads, alpha, beta, and gamma values as 
found in [38], a switching capacitor capacitance of 0.22 farads with initial charge of 0 
volts, sample frequency of 10Hz, and a switching frequency of 200Hz. The initial 
declared SOCs for cell 1, 2, 3, and 4 were 0.84, 0.91, 0.86, and 0.89 as used in other 
simulations [51]. The SOH for the cells were declared as followed for cell 1, 2, 3, and 4: 
97%, 96%, 98%, and 94%. 
 The ΔSOC and total amp-hours for each cell were plotted and analyzed. The plots 
for SOC, and total amp-hours for each cell may be found in Figures 4.13-4.16. The 




Figure 4.13: Voltage Equalization BMS SOC Output 1st Simulation 
 
Figure 4.14: Voltage Equalization BMS Total Amp-hour Output 1st Simulation 
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Figure 4.15: SOH Equalization BMS SOC Output 1st Simulation 
 
Figure 4.16: SOH Equalization BMS Total Amp-hour Output 1st Simulation 
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 Looking at the data provided from the BMS simulations, we can see that there is a 
different in the transfer of charge, seen both in the SOC plots and total amp-hour plots. In 
order to quantify how significant the difference is, we must compute the difference in 
capacity degradation between the techniques. The important items to note are: The SOC 
are all within +/- 1% and less amp-hours traveled through the most degraded cell.  
 Other simulations were run and their respect results are shown below in Figure 
4.17-4.20 for second simulation given the initial SOC of each battery cell as 0.94, 0.72, 
0.86, 0.81 and initial SOH as 83, 90, 92, 86 for cell 1, 2, 3, and 4 respectively. The rest of 
the parameters are the same as the first simulation. 
 
Figure 4.17: Voltage Equalization BMS SOC Output 2nd Simulation 
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Figure 4.18: Voltage Equalization BMS Total Amp-hour Output 2nd Simulation 
 
Figure 4.19: SOH Equalization BMS Total SOC Output 2nd Simulation 
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Figure 4.20: SOH Equalization BMS Total Amp-hour Output 2nd Simulation 
 For the second simulation, we can see that Cell 1 still had to be used to equalize 
the SOCs, but was used less when possible, resulting in the most degraded cell, Cell 1, to 
be used less in the SOH equalization method, accruing less degradation. Again, the 
important items to note are: The SOCs are all within +/- 1% and less amp-hours traveled 
through the most degraded cell.  
 For the final simulation, the initial SOC of each battery cell as 0.81, 0.84, 0.87, 
0.91 and initial SOH as 97, 96, 95, and 98 for cell 1, 2, 3, and 4 respectively. The rest of 
the parameters are the same as the first and second simulations. 
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Figure 4.21: Voltage Equalization BMS SOC Output 3rd Simulation 
 
Figure 4.22: Voltage Equalization BMS Total Amp-hour Output 3rd Simulation 
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Figure 4.23: SOH Equalization BMS Total SOC Output 3rd Simulation 
 
Figure 4.24: SOH Equalization BMS Total Amp-hour Output 3rd Simulation 
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 For the third and last simulation, we can see that Cell 3 was essentially not used at 
all during the balancing process for SOH equalization, but was used some 0.0049 amp-
hours using the voltage equalization method. Again, he important items to note are: The 
SOCs are all within +/- 1% and less amp-hours traveled through the most degraded cell.  
 To summarize the results of all three cases, we can see that there was a capacity 
degradation reduction for all of the lowest SOH cells, specifically over the lifetime of 
each battery – assuming 10,000 cycles – of 0.04%, 0.007%, and 0.073% less for each 
simulation respectively. Another key item to note is that the balancing times were 
significantly longer, specifically five times longer, two times longer, and four times 
longer. In regards to longer balancing times, this should not be an issue for EVs to 
balance as they balance overnight. Thus, as long as the balancing times are less than 6-8 
hours, the time span is less of a factor.  
 The effects of the reduced capacity degradation would be more significant in 
larger battery packs, such as 12 amp-hours and above [51], as the batteries used in this 
simulation had a mere 2.18 amp-hour capacity. If the SOH equalization method was 
applied to every BMS in production, given there were 542,000 EVs produced by 2016 [4] 
and assuming that only one cell in a pack saves 0.07% over its lifetime, approximately 
82,709 amp-hours would be saved across the total amount of EVs. Given a Tesla Model 
S with a 60kWh battery at 400 Volts has an amp-hour capacity of 150, this would result 
in 551 more charges with a range of 210 miles per charge; the resulting math shows that 
there would be a total of 115,794 miles of extra range for these batteries before deemed 
having reached their EOL. Keep in mind that for this proposed scenario we assume only 
 80 
one cell would benefit per EV, where in reality there are ~380 cells per module and ~14 
modules in a Tesla Model S – we can expect the extra range number to be multiplied by 
at least a magnitude or two. 
 Degradation reduction may become even more apparent when temperature is 
taken into account as capacity degradation is heavily dependent on temperature. We may 
also collect data for our capacity degradation model at currents closer to the currents of 
balancing, typically between 0-2 amps for the SSC topology [51]. 
 





The experimental portion of this thesis was to build a SSC BMS topology that 
could run both the voltage equalization logic and the proposed BMS logic. To test the 
different between the two, many cycles would need to be run on the proposed BMS 
system in order to inspect the battery cell degradation over time. We can however show 
that the two systems logically make different decisions in when and which switches to 
throw. 
 
5.1 Design Decisions and Limitations 
The experimental setup for the physical BMS consists of all of the basic materials 
needed to make a basic BMS system, including: a microcontroller, switches, circuit 
isolation devices, and measuring devices. The microcontroller chosen was an Arduino for 
its ease of implantation and availability as the focus is the logic control system, not the 
hardware choices. The switches are constructed from two IRF530 MOSFETs each and 
oriented as a bidirectional switch for a total of 16 MOSFETs. The circuit isolation 
devices used in this circuit are generic optocouplers purchased from Amazon which are 
fed by a 12V to 15V step-up circuit to allow enough voltage to turn on the MOSFETs 
completely. The measuring device, specifically the ADC is built-in to the Arduino via the 
analog pins. However, for current measurements a differential op-amp was used to 
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amplify the voltage across a 15mΩ sense resistor and then provided to the Arduino to 
calculate the estimated aging of the battery cells. 
One of the several limitations of the experimental BMS, including but not limited 
to the resolution of the microcontroller. An accurate SOH estimation provided from the 
microcontroller requires an accurate reading – there are much better choices out there for 
ADC but this experimental setup can be used to show that the decision logic is indeed 
working and can increase the longevity of the battery cells. 
 
5.2 The Physical BMS  
The setup of the physical BMS can be seen in Figure 58. On the left there are the 
Sony VTC4-18650s in a battery case, connected to a terminal hub which then connects to 
the corresponding bidirectional MOSFET switches on the top-most breadboard. The 
circuitry beneath the MOSFETs is a part of the isolator circuits, which separates the 
microcontrollers from the higher voltage levels of 15V, as shown on the left display. The 
15V is provided by a step-up converter, which is supplied by a 12V wall outlet – instead 
of the wall outlet plug, the system could derive its energy from the batteries, but for the 
purposes of this thesis, they were kept separate. On the right-hand most side the switched 
capacitor can be seen, with the ADC setup directly to the single switched capacitors left. 
The second blue display screen displays the total run time for the system, whether 
or not the system is balanced, and the voltages of each cell. The balancing process can 
also be paused by simply throwing the physical switch in the bottom left-hand corner. 
Last but not least, in the bottom middle is an Arduino Mega that contains the Stateflow 
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code for the desired battery management system, whether voltage equalization or the 
proposed logic control in this thesis. 
 







This thesis presents a new approach to battery management system control design 
for increasing battery longevity. Previous BMS control designs simply neglected 
estimated SOH information and implemented a voltage equalization method.   
 
6.1 Summary of Contributions 
A methodology for creating a battery model with capacity degradation has been 
demonstrated. 
A battery model that accounts for aging of battery cells has been implemented in 
Simscape simulation environment which can be adapted for other simulation work by 
simply “dragging and dropping” the component. The component may also be used for 
other characterized batteries and is thus dynamic in the sense that one can provide the 
parameters of their given battery. 
Little work has been done on considering other methodologies for BMS control; 
this thesis presented a new approach to the logic contained within battery management 





6.2 Future Work 
The addition of temperature into the battery model should allow more drastic 
degradation to occur and thus increase the benefits of using a SOH equalization 
technique. 
The use of a BMS control that utilizes SOH in the decision-making process is 
shown to provide benefits. Under different hardware conditions however, a BMS that 
utilizes SOH can reach its true potential via distribution of the load, instead of during 
balancing. The currents during a balancing cycle are much less than those during loading; 
typical balancing currents are between 0-2A for the SSC [51], where during the loading 
cycle the currents may reach the maximum discharge rate of the battery, specifically 25A 
for the NMC Sony VTC4-18650 used in this thesis. 
This topic has been approaches previously in [65] with the omission of a SOH 
estimator in the control logic and a focused on balancing SOC by removing cells from the 
load. Through the utilization of a switch on each battery, as shown in Figure 2.28 – 
reproduced here for convenience [65] – the more aged cells may be temporarily removed 
from the circuit until the other cells “catch up” in terms of capacity degradation.  
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Figure 2.27: Circuit Diagram for Parallel-Connected Energy Management [65] 
An excellent metaphor for the ideology behind “turning batteries off” via a switch 
attached to each battery cell can be thought of as: you and your three best friends are 
moving a grand piano. One of your friends becomes tired and does not have the same 
amount of energy as you and your two other friends; your tired friend is forcing the three 
rest of you to have to slow down when moving the piano. It would be best to allow your 
tired friend to take a break so that you and the other two of your friends can continue to 
move the piano at a faster rate. After moving the piano a fair distance, now you and the 
other two of your friends carrying the piano are now just as tired as your friend who had 
to “sit-out” for a while. At this time, it would be best for that friend who had to “sit-out” 
to join the three of you again to evenly distribute the load, although this time everyone is 
moving at the same speed because they are all at the same energy levels.  
Although your friend had to “sit-out,” the piano was still moved a farther distance 
than if your friend had not “sat-out” as they were preventing the other three of you from 
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moving the piano as fast as you could and dragging the three of you down. The exact 
same principle may be applied to battery cells, where your friends’ energy level would be 
the amount that specific battery cell is degraded. We then allowed the SOH of the 
“younger” three cells to degrade to the level of the “oldest” or most degraded cell, where 
we then allowed that battery cell to rejoin the group. 
The experimental BMS also needs to be modified to include parallel connected 
cells in order to implement the future work for SOH equalization BMS control logic in 
this thesis. The resolution on the standard Arduino will also be replaced for another 
microcontroller with higher resolution and a faster conversion time. The use of a printed 
circuit board (PCB) will be necessary to keep the components organized, compact, and 












Glossary of Terminology 
ADC – analog to digital conversion 
Ahr – amp-hours 
BMS – battery management system 
CRATE – rate at which battery is charged or discharged relative to its initial capacity 
DOD – depth of discharge, the inverse of SOC 
EOL – end of life 
EVs – Electric Vehicles 
HEVs – Hybrid Electric Vehicles 
HPPC – hybrid power pulse characterization test 
Li-ion – lithium ion  
MATLAB – matrix laboratory, a numerical computing environment and high-level 
 programming language 
MOSFETs – metal-oxide semiconductor field-effect transistor 
OCV – open circuit voltage 
Op-amp – operational amplifier  
PHEVs – Plug-in Hybrid Electric Vehicles 
Ragone plot – used for performance comparison of battery parameters, power density in 
W/Kg on the x-axis and energy density in Wh/Kg on the y-axis 
RMS – root mean square error 
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Simscape – the physical system simulation software within Simulink 
Simulink – a block diagram environment within MATLAB for multi-domain simulation 
 and model-based design 
SOC – state of charge, the inverse of DOD 
SOH – state of health, this must be estimated and cannot be directly calculated 
SSC – single switched capacitor, a type of BMS topology 





Simscape Custom Component voltage_table_v11 
component voltage_table_v11 
% Voltage Lookup v11 
% This block implements the cell's main branch voltage source, and 
determines 
% values for capacity (C) and state of charge (SOC). The defining 
equations do not 
% depend on cell temperature, T.  
% 
% The outputs are SOC, Total Ah, and capacity of battery remaining 
(from total Ah vs Capacity % curve) 
%  
    nodes 
        p = foundation.electrical.electrical; % +:left 
        n = foundation.electrical.electrical; % -:right 
    end 
     
    inputs 
        deltaSOC = {0,'1'} % deltaSOC:right 
        num_cycles = {0,'1'}; % num_cycles:right  
        refresh_flag = {1,'1'} % refresh_flag:right 
        avg_crate = { 0, '1' }; % avg_crate:right 
        current_degradation_in = {1,'1'} % degradation_in:right 
    end 
        
    outputs 
        Total_Ah = {0,'A*hr'} %Total_Ah:left 
        current_SOC = {0,'1'}   %SOC:left 
        current_degradation_out = {1,'1'} % degradation_out:left 
        instant_crate = {0,'1'} %instant_Crate:left 
    end 
     
    parameters (Size=variable) 
        % X and Y values for battery voltage curve below. 
        ocv_points = {[1 2 3],'V'} % X-values for OCV 
        soc_points = {[1 2 3],'1'} % Y-values for SoC 
    end 
     
    parameters 
        initial_SOC = {0,'1'} % Initial SOC, 0-1 
        initial_capacity = {0,'A*hr'} % Initial Capacity in A*hr 
        alpha = {0,'1'}; % Alpha from Exp Data 
        beta = {0,'1'}; % Beta from Exp Data 
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        gamma = {0,'1'}; % Gamma from Exp Data 
   end 
     
     
     
    variables (Access=private) 
        i = { 0, 'A' };  % Current 
        v = { 0, 'V' };  % Voltage 
    end 
     
    function setup 
        if any(value(ocv_points,'V')<=0) 
            pm_error('simscape:GreaterThanZero','Array of voltage 
values, ocv_points'); 
        end 
        if any(value(soc_points,'1')<0) 
            pm_error('simscape:GreaterThanOrEqualToZero','State of 
Charge (SOC) points'); 
        end 
        if value(initial_SOC,'1')<0 
            pm_error('simscape:GreaterThanOrEqualToZero','Initial 
SOC'); 
        end  
     end 
     
    branches 
        i : p.i -> n.i; 
    end 
     
    equations 
        v == p.v - n.v; 
        % Calculating the total Ah the battery is used. Output is Ah. 
Verified. 
        Total_Ah == integ(abs(i));  
        % Instant Crate 
        instant_crate == abs(i)/initial_capacity *3600*{1,'C/A'}; 
        if time > 0 && refresh_flag == 1; 
            current_degradation_out == current_degradation_in - ... 
                  ((alpha + beta*deltaSOC*100 + gamma*exp(avg_crate)) 
...                   * 1.36*num_cycles^(0.36));  
        else 
            current_degradation_out == current_degradation_in; 
        end 
        % Calculating the current SOC. i.e. 2.18Ahr is the battery's 
initial capacity. 
        current_SOC == initial_SOC + 
integ(i)/(initial_capacity*current_degradation_out)* 100 * 
{1,'C/(A*s)'}; 
        % Voltage Lookup 
        v == tablelookup(soc_points,ocv_points,current_SOC,... 
            interpolation=linear,extrapolation=nearest) 




Simscape Custom Component r0_table 
component R0_table 
% R0_table 
% Models a resistor where the resistance value (R) depends on an 
external 
% physical signal input SOC. 
  
% Copyright 2012-2013 The MathWorks, Inc. 
     
    nodes 
        p = foundation.electrical.electrical; % +:left 
        n = foundation.electrical.electrical; % -:right 
    end 
  
    inputs 
        %T = {293.15,'K'};  %T:left 
        SOC = {1,'1'}; %SOC:left 
    end 
     
    outputs 
        %pow = {0,'W'}; % POW:right 
        %Routput = {0,'Ohm'}; 
    end 
     
    parameters (Size=variable) 
        SOC_Table = {[1 2 3],'1'} % X-values matrix of State of Charge 
(SoC) 
        R0_Table = {[1 2 3],'Ohm'};   % Y-values matrix of resistance 
        %Temp_Table = {[273.15 293.15 313.15],'K'} % Temperature (T) 
breakpoints 
    end 
     
    variables (Access=private) 
        i = { 0, 'A' }; % Current 
        v = { 0, 'V' }; % Voltage 
        %R = {0,'Ohm'}; 
    end 
     
    function setup 
     
        % Check parameter values 
        if any(any(value(R0_Table,'Ohm')<=0)) 
            pm_error('simscape:GreaterThanZero','Matrix of resistance 
values, R(SOC,T)'); 
        end 
        if any(value(SOC_Table,'1')<0) 
            pm_error('simscape:GreaterThanOrEqualToZero','State of 
charge (SOC) breakpoints'); 
        end 
        %if any(value(Temp_Table,'K')<0) 
        %    pm_error('simscape:GreaterThanOrEqualToZero','Temperature 
(T) breakpoints'); 
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        %end 
     
    end 
     
    branches 
        i : p.i -> n.i; 
    end 
     
    equations 
        v == p.v - n.v; 
        let 
            % Perform the table lookup 
            R = tablelookup(SOC_Table,R0_Table,SOC,... 
                interpolation=linear,extrapolation=nearest) 
        in 
            % Electrical Equations 
            v == i*R; 
            %pow == v*i; 
        end 
                 
    end 










           refresh_out,num_cycles_out,Ah_cycle_tally_out] = ... 
    fcn(total_cycles_in,refresh_flag_in,summed_Crate_in, 
num_Crates_in,inst_Crate,total_Ah,current_SOC,capacity_degradation, ... 
         max_SOC, min_SOC,refresh_in,num_cycles_in,Ah_cycle_tally_in) 
  
% capacity degradation in 0<x<100 
% deltaSOC in 0<x<1 
% current_SOC in 0<x<1 
% initial_capacity in Ah 
  
% calculating deltaSOC 
% updating max_SOC 
if current_SOC > max_SOC 
    max_SOC_output = current_SOC; 
else 
    max_SOC_output = max_SOC; 
end 
  
% updating min_SOC 
if current_SOC < min_SOC  
    min_SOC_output = current_SOC; 
else 
    min_SOC_output = min_SOC; 
end 
% calculate deltaSOC 
deltaSOC = max_SOC_output - min_SOC_output; 
  
% calculate avg Crate, using a running average 
    summed_Crate_out = inst_Crate + summed_Crate_in; 
    num_Crates_out = num_Crates_in + 1; 
    avg_Crate = summed_Crate_out / num_Crates_out; 
  
% calculating num_cycles 
% from eq (9): 
% https://cecas.clemson.edu/~sonori/Publications/0173.pdf 
if deltaSOC == 0 && num_cycles_in == 0% avoids dividing by 0 
    num_cycles_out = 0; 
    total_cycles_out = total_cycles_in; % unsure about this line. 
elseif deltaSOC == 0 && num_cycles_in > 0 
    num_cycles_out = num_cycles_in; 
    total_cycles_out = total_cycles_in; 
else 
    % total_Ah - Ah_cycle_tally_in gives us the Ah for the current 
cycle 
    num_cycles_out = (total_Ah-Ah_cycle_tally_in) * 3600 / (2 * 
deltaSOC*100 * capacity_degradation); 





% checking for if cycles is near 1:1:desired_cycles, i.e. 1,2,3 etc. 
% refresh is between 0.99 and 1.01 cycles, 1.99 and 2.01 cycles, etc. 
  
if total_cycles_in >= refresh_in-0.01 && total_cycles_in <= 
refresh_in+0.01 
    % telling the simscape component to add the degradation up for this 
cycle 
    refresh_flag = 1; 
    refresh_out = refresh_in; % may not actually need.. 
    Ah_cycle_tally_out = Ah_cycle_tally_in;% may not actually need.. 
else 
    refresh_out = refresh_in; 
    Ah_cycle_tally_out = Ah_cycle_tally_in; 
    refresh_flag = refresh_flag_in; 
     
end 
  
if refresh_flag_in == 1 
    % if these conditions are true, reset deltaSOC for next cycle. 
        deltaSOC = 0; 
        num_cycles_out = 0; 
        max_SOC_output = current_SOC; 
        min_SOC_output = current_SOC; 
        % incrementing to the next cycle 
        refresh_out = refresh_in+1; 
        Ah_cycle_tally_out = total_Ah; 
        refresh_flag = 0; 
         
        summed_Crate_out = inst_Crate; 
        num_Crates_out = 1; 
        avg_Crate = inst_Crate; 
  
end 
% applying the constraint that if deltaSOC < 10, we make it 10. 
if deltaSOC < 0.1 
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